The performance of a feedback-linearizing control for excitation control of a synchronous generator is investigated with respect to unmodeled dynamics of both the turbine-generator unit and the transmission network. It is found that certain types of dynamics that were not modeled during the design of the control enter in a manner that does affect the performance of the control, but that preserves the linearity of the closed-loop system. Moreover, the control acts to decouple the dynamics associated with the machine from the dynamics of the transmission grid, thus preventing subsynchronous resonance between the two subsystems when a series capacitor is used to compensate the transmission line.
Introduction
Recently, feedback linearizing controls (FBLC) have been proposed for excitation control of synchronous electric generators 11, 21. These designs have shown promise in simulations but they require a measurement of the angular acceleration of the generator shaft. More detailed studies of the unmodeled dynamics are required, particularly as they impact the performance and the stability robustness of the controller. Two different classes of unmodeled dynamics are considered: 1) The unmodeled dynamics of the turbine-generator subsystem, and 2) The electromagnetic dynamics of the transmission grid.
The first type is typically ignored based on a heuristic time-scale separation argument which can be shown to be false through an application of singular perturbation theory. Interestingly, however, the unmodeled shaft interaction enters in such a way that the behavior of the feedback linearized system remains linear. Thus the results reported here may be applicable to systems with a similar type of uncertainty.
The second type of unmodeled dynamics also is typically ignored based on time-scale separation, but must be considered in order to capture the important phenomenon of subsynchronous resonance, which is a resonance of the natural modes of the torsional subsystem with the transmission grid. Subsynchronous resonance is tvDicallv associated with the use of seNevada; this event illustrated the fact that the torsional dynamics of the generator shaft may interact with oscillatory currents in the transmission grid via the magnetic fields in the generator air gap [3] .
From a theoretical viewpoint, the paper provides an example of a dynamical model for which it is not justifiable to neglect higher-order dynamics, even though in this case the natural shaft modes are over a decade faster than the nominal poles of the controller. This is shown using both singular perturbation and the selective modal analysis (SMA). On the other hand, if these dynamics are included in the design of the FBLC, unacceptably high control amplitudes result. Because of this, one proceeds with the design in which the shaft modes are neglected. The impact of this on controller performance is shown.
The synchronous generator application also places severe limits on the allowable magnitude of the control signal. Therefore extensive simulations are required to verify that the system response to control saturation is benign. The presence of a large torsional "ripple" on the acceleration measurement severely aggravates the control saturation problem. One possible method for limiting saturation is field voltage averaging and/or filtering of the acceleration measurement. Results show that these methods are capable of improving FBLC performance, but the averaging or filtering can also cause instability.
With respect to the transmission elements, FBLC is shown to decouple these dynamics from the torsional dynamics of the generator. This separation prevents the interaction that can produce an undesired resonance. This paper is organized in the following way: The first part examines the closed-loop system performance in the presence of unmodeled turbinelgenerator dynamics, neglecting the transmission line dynamics. Once all conclusions are drawn for this case, the problem is revisited with explicit consideration of transmission line dynamics. Both problems are of practical importance. unmodeled dynamics.
Development of Feedback Linearizing Control
linear even in the presence of the additional dynamits. This situation holds for the example in this paper, although it is not generally true for all types of FBLC design, intended to produce the system in equations (7) through (9), actually results in the system of equation (10). Consequently, there is a significant change in the quality of the system response. The closed-loop pole placement differs from the original design. The field voltage saturates frequently, 2H wo since x 1 is strongly coupled to 2 3 . However, the damping of x 1 is much greater in the combined model than the natural damping of the isolated shaft model.
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Upon applying the following signal to the field voltage:
where a = [aoa1a2lT, these dynamics of the generator will be linear, according to [l, 21: 
The feedback linearizing controller (FBLC) was tested with all three poles at -5; to achieve this, one sets a0 = -125, a1 = -75, and a 2 = -15. This choice of pole locations is approximately one decade below the slowest unmodeled dynamics in the system.
As noted in Section 1, E f d has maximum and minimum saturation limits. If the calculated Efd from the controller exceeds these limits, the actual field voltage remains at the limit value. For this paper, Efd is constrained between 0 and 6.16 pu. The use of a smaller range for Efd was also investigated, but no qualitative change in the results was observed.
Effects of Unmodeled Dynamics of the Generator
This is an unusual example because the coupling between z and x1 is strong; i.e. JJAlzJJ and \\A2111 are greater than or equal to JIAllll and IIA22ll. Therefore, the standard singular perturbations argument does not hold for this model; x 1 are not "faster" variables than z [4] . Applying selective modal analysis (SMA) to this problem yields the same conclusion [5, 61 . Note that SMA was used in [7] on a system with subsynchronous resonance; however, in that example, the shaft states were retained in the reducedorder model.
FBLC requires a measurement of 2 3 , which is greatly affected by X I , resulting in control saturation. Several approaches to handling the saturation problem are considered. One possibility is averaging the control input U ; however, straightforward averaging of U does not assure stability. The same problem occurs if low-pass filtering of z3 is used, although in some cases this technique is able to significantly reduce saturation and improve FBLC performance. Another approach is to modify p ( z ) and P(z) to include the effects of X I . Unfortunately, this method increases the control saturation and further degrades the performance.
If no modifications are made to FBLC, then good pole placement is achieved for z, even in the presence of X I . The only drawback is that rail-to-rail control switching at the frequency of the shaft modes (usually 10 to 50 Hz) is observed. In the small disturbance case, the performance of FBLC with respect to the dynamics of z is not seriously degraded, despite the fact that lJA12II is large.
Model of Generator/Turbine Shaft
When considering the torsional dynamics, the model assumes the form: Figure 1 shows a typical shaft in a power generator.
The generator, turbine, and shaft are commonly mod-
eled & a series of rotating masses connected by torsional springs. Each mass also experiences damping torques. The inertia constants of the two turbines will be denoted as H I and H2, while the generator constant will be referred to as H e . The shaft model (lo) Notice that the shaft subsystem, represented by the vector X I , is linear, and the combined system remains where 6i and wi = 6i represent respectively the angle and speed of mass a. Notice that 6 = 6, and w = we are the common states that couple the shaft and the generator.
Sample Torsional Shaft Model
The parameters for the example model in this paper are the same as used in 
The Combined Generator and Shaft Model
The feedback linearizing controller derivation was based on a fourth-order generator model. This model assumes that:
where H = HI + H2 + He represents the combined rotational inertia of the turbines and generator, and P,,, is the mechanical power from the turbines, which is treated as a constant. However, when torsional dynamics are included, the equation for w is taken from (13): (17) where:
Thus, when the feedback signal defined in (6) is applied, (i.e., when the control based on the simpler model is used), the generator-shaft system is still linearized, although ci picks up some extra terms: Three generator states, 6, w , a, and the four shaft states, 61, w1, 6 2 , w2, form a seventh-order linear system when FBLC is used. The eigenvalues of this system, given the same controller and shaft parameters as before, are shown in Table 2 . Notice that the torsional modes are still present at 24 Hz and 31 Hz, but the damping of these modes has improved significantly. Additionally, the poles which were nominally located at -5 have shifted, giving rise to a stronglydamped conjugate pair at 0.17 Hz.
Note that the real part of the eigenvalues of lations on the shaft.
Field Voltage Saturation
Figures 2 to 5 illustrate the i-mpact of the shaft dynamics on an FBLC-equipped machine. A sixth-order generator model similar to [9] is used for these simulations and all others in this paper. The large swings in Efd primarily result from the high frequency oscillations present in the shaft acceleration measurement. The amplitude of the high frequency oscillations in w is about 6 rad/s2 at t = 0.5s. Since Efd includes the acceleration measurement multiplied by a 2 / P ( x g ) , these oscillations produce swings with an approximate amplitude of 12 p.u. in E f d , which is more than sufficient to saturate Efd at both limits [51.
Averaging of the Control Input
One way to mitigate the saturation problem is to subject the control input to a moving average. Mathematically, this means that the field voltage becomes:
For this paper, the averaging is done over one period of the 60 Hz base frequency, so that To = 1/60s.
However, simulations of the system with field voltage averaging show that it is unstable, as shown in Figure 6 . The averaging introduces phase shifts of -76.7' and -95.0' at the torsional frequencies, and these phase shifts cause the instability [5] . 
Filtering of the Acceleration Measurement
Since control averaging leads to instability, we may attempt to remove the high-frequency content from the acceleration measurement with a low-pass filter. In this paper, Butterworth filters of several different orders are to perform the filtering. Eigenvalue analysis and simulations indicate that first and fourth-order Butterworth filters produce stable systems while a second-order Butterworth filter results in an unstable system. Again, the instability occurs because the second-order filter has a stopband phase shift of -180', which inverts the high frequency field voltage components and excites the torsional modes. Furthermore, the presence of any filter greatly reduces the damping of the torsional modes, approaching the natural damping in the shaft system.
The fourth-order Butterworth filter significantly attenuates high frequency components of the field voltage. Simulations of an FBLC-controlled system with fourth-order filtering of acceleration are shown in Figures 7 and 8. The response of the rotor angle is almost identical to the simulation in Figure 2 , where torsional dynamics are not modeled. In this case, a fourth-order Butterworth filter results in improved performance of FBLC, but it must be cautioned that if any unmodeled dynamics exist near the cutoff frequency of the filter, they are very likely to be excited since the phase shift at that frequency is -180' [5] . A more sophisticated filter design might be more robust in this respect. 
Inclusion of Torsional Dynamics in the Controller Design
Another approach to modifying FBLC in the presence of shaft dynamics is to change the control law to include them. However, adding torsional state information to the controller is not beneficial; in fact, because of field voltage saturation, the performance is seriously degraded. The shaft dynamics add enormous oscillations to pt(x,), and the given range of the field voltage is not nearly enough to control the system, as shown in Figures 9 and 10 [5] .
Unmodeled Dynamics of the Transmission System
In addition to unmodeled dynamics of the device, we now include dynamics of the transmission elements that were previously neglected. The state vector of these system dynamics will be xg and the system equations become:
Note that we no longer assume linearity of the complete system. To perform eigenvalue analysis, we linearize equation ( 
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On the other hand, if exact FBLC is employed, the linearized closed-loop dynamics of the complete system are of a (partially) decoupled form:
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We begin to have potential instabilities in (23) in modes which respond to both x 1 and x2. However, if the control input is not constrained, no instabilities occur in (24). The effects of saturation limit the stabilizing ability of FBLC; however, in most practical tests with saturation, FBLC was still able to prevent instability from developing.
Effects of Feedback Linearizing Control on Subsynchronous Resonance
We saw earlier that feedback linearizing control increases the damping of the shaft modes. We now wish to investigate the effect that increased damping has on subsynchronous resonance, since the torsional dynamics play a pivotal role in this phenomenon.
Model of the Network
In order to analyze subsynchronous resonance, it is necessary to develop a model for the network dynamics, to be added to the generator and shaft models in sections 4 and 5 . Following [lo, 111, the following time-varying phasor model is used to capture the electromagnetic dynamics of the transmission grid: Figure 11 : Network for subsynchronous resonance simulation.
Normally, the voltage and current phasors are assumed to vary slowly with time, so the time derivatives are ignored. However, subsynchronous currents appear in phasor notation with a time-varying component. For example, time domain and phasor representation of a 30 Hz subsynchronous current take the following forms:
i(t) = 5 cos 60d +) f = 5e-jsont (28) since i(t) = 32(fejwot), where w, = 1 2 0~. Therefore, the time derivatives in (26) and (27) cannot be neglected.
The network we consider is shown in Figure 11 . It consists of a generator, a transmission line, a series capacitor, and an infinite bus. As noted earlier, the transmission line resistance and reactance includes generator resistance and transient reactance, so that the states EA and EI, can be treated as the voltage at the generator bus after an appropriate coordinate transform. The voltage and current at bus 3 (the connection between the transmission line and the series capacitor) will be the state variables for the network. Note that we neglect shunt capacitance. The current is therefore the same throughout the network. De- 
Simulation Results
Once the models are determined, simulations are straightforward. A slight perturbation of the line current was used as a disturbance.
First, a constant excitation voltage was used to demonstrate the natural dynamics of the system. The simulator includes a routine to numerically derive a linearized state-space representation of a system at any given operating point. The resulting eigenvalues of the linearized model for three selected capacitance values are shown in Figure 3 . With a large capacitor in series with the transmission line, the system remains stable. However, at 23.0% compensation, the subsynchronous frequency drops to about 31. 3 Hz and interacts with a torsional mode at that frequency, causing instability. At 35.9% compensation, the subsynchronous currents interact with the torsional mode at 24 Hz, again leading to instability. A simulation of the system with 23.0% compensation is shown in Figure 12 , illustrating the unstable subsynchronous oscillations.
Next, the effect of FBLC on a system prone to subsynchronous resonance is examined. by subsynchronous currents. The large, fast swings in Efd shown in Figure 14 are generally undesirable. To reduce these swings, a fourth-order Butterworth filter was added to the acceleration measurement to reduce the swings while still providing the control necessary to stabilize the system. The results of the acceleration filtering method with poles placed at -5 are shown in Figures 15 and 16 . These results are very surprising, since we might expect that the high frequency oscillations in the field voltage are too small to stabilize the subsynchronous modes. However, the simulations reveal that the torsional modes do not grow.
Conclusions
The paper is concerned with the general area of the robustness of FBLC design to unmodeled dynamics and parametric uncertainties. In cases where unmodeled dynamics can not be neglected by selective modal analysis or singular perturbation arguments, a closer study of the impact of these uncertainties on controller performance is needed. Often counter-intuitive results are reached. It is shown that careful analysis and design of the specific structural model and parametric uncertainties provides robust performance of an FBLC for a wide range of uncertainties. The conclusions depend on the controlled phenomenon; i.e. on the range of frequencies for which it is relevant to have accurate design.
